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RECOMBINANT YEASTS FOR EFFECTIVE 
FERMENTATION OF GLUCOSE AND XYLOSE 

BACKGROUND OF THE INVENTION 



The present invention relates generally to 
5 genetically engineered yeasts capable of simultaneously >^ 
fermenting the two major sugar constituents of cellulosic 
biomass, glucose and xylose, to ethanol. More 
particularly, the present invention relates to such yeasts 
which can be constructed by cloning a xylose reductase 
10 gene, a xylitol dehydrogenase gene, and a xylulokinase 
gene in yeasts capable of fermenting glucose to ethanol. 

Recent studies have proven ethanol to be an ideal 
liquid fuel for automobiles. It can be used directly as a 
neat fuel (100% ethanol) or as a blend with gasoline at 
15 various concentrations. 

The use of ethanol to supplement or replace ga^oiirte 
can reduce the dependency of many nations on imported 
foreign oil and also provide a renewable fuel for ! > ? 
transportation. Furthermore, ethanol has proven a cleaner 
20 fuel that releases far less pollutants into the 

environment than regular gasoline. For example, it has 
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b en demonstrated that th use of oxygenat d materials 
gasoline can reduce the emission of carbon monoxide, a 
harmful pollutant, into the air. Among the several \;ic: i 'r.''^V-^'- 
oxygenates currently used for boosting the oxygen content - 
of gasoline, ethanol has -the highest oxygen content . The : 
5 United States Environmental Protection Agency (EPA) has * 
shown that gasoline blended with 10% ethanol reduces 
-c a r buu -monoxrde-«iri«lxyns Hby--»btrofc"25%-3©% 

Op to now, the feedstock used for the production of : 
industrial alcohol by fermentation has been sugars ; ^P^^0^^^^^i 
10 sugar cane or beets, starch from corn or other food ^^f^^^^^ : ^ 
crops. However, these agricultural crops are too 
expensive to be used as feedstock for the large-scale 
production of fuel ethanol. 



Plant biomass is an attractive feedstock for 
15 ethanol-fuel production by fermentation because it is 
renewable, and available at low cost and in large " 
amounts. The concept of using alcohol produced by 
microbial fermentation of sugars from agricultural biomass 
had its nascense at least two decades ago. The major 
20 £ ermehtable sugars from celliilosic mater" ialsT are "glucose"' r?^^: : y$fi 
and xylose (with the ratio of glucose to xylose being 
approximately 2 or 3 to 1). The most desirable -^f^^^^^ 
fermentations of cellulosic materials would, of c6urse^^^f|^feg ! 
completely convert both glucose and xylose to ethanol. 
25 Unfortunately, even now there is not a single natural 

known microorganism capable of fermenting both glucose and 
xylose effectively. 




Yeasts, particularly Saccharo myces , have 
traditionally been used for fermc ting glucose-based 

30 ie jwi... ~o ecud/ioi , and «..*ey c.i.e .uiL uezt 

microorganisms for converting glucose to ethanol. 
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However, these glucose-f ermentiua yeasts hav be n founu^ 
not only unable to ferment xylose but also unable to use ^ 
the pentose sugar for growth. Nevertheless, these v-r^r-v 
glucose-fermenting yeasts can use xylulose for growth and 
5 fermentation tFigure 1), albeit with varying efficacy. v r 
For example, fi- rerevtslae ferments xylulose very poorly 
while species of firhizosaccharomvces does so quite 
effectively (Chiang et al., 1981; Lastick et al • , 1989) U 

Even though the glucose-fermenting yeasts are unaMg 
10 to use xylose both for growth and fermentation, there ar; 
many natural yeasts that can use xylose for growth 
aerobically but they cannot ferment xylose to ethanol. 
These xylose-using/non-fermenting yeasts rely upon two 
enzymes — xylose reductase and xylitol dehydrogenase — to 
15 convert xylose to xylulose. These yeasts are different 
from most bacteria which rely on a single enzyme — xylose 
isomerase — to convert xylose directly to xylulose (Figure 
1). The yeast xylose reductase and xylitol dehydrogenase 
also require cof actors for their actions; xylose reductase 
20 depends on NADPH as its cofactor and xylitol dehydrogenase 
depends on NAD as its cofactor- On the contrary, 
bacterial xylose isomerase requires no cofactor for direct 
conversion of xylose to xylulose (Figure 1). 




Two decades ago, much effort was devoted in an 
25 attempt to find new yeasts capable of effectively 

fermenting both glucose and xylose to ethanol. Although 
no such ideal yeast has been found, those efforts did have 
limited success. For example, a few yeasts were found to 
be capable -not .only .of ~ut iJLiz ine.-xylo.se. .for g r o wfeh . ; ; 
30 aerobically, but also of fermenting xylose to ethanol 
(Toivola et al., 1984; Dupreer ar<* vanrter Walt, 1983) 
although none ot these x>xu!se-j.eiuitu.ij^ yeasuG wait 
totally effective in fermenting xylose to ethanol 
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. ws) x„ action. t h «e « 
(Jeffrie*- 1585 >- 
f er«nt ,lu«se effectively. 

_ t„e xylose-fer^ 
5 jahfiHeiflfi (Dupreez an« - 

have been extew© 

characterise*. '-^»^^S^»^'<« i6tJW .^ 
Utter than other 

feasts LCK ^ rj.e^tin, .I— <0.«»... - 
also highly ineffective 



1985). 



f forts were also made to 
x . the past decs* i. . « giucose _ f ermentin g yeasts, 
genetically modify tradic inant DBA 

15 particularly Z-***^'* concentrated on cloning 
techniques, initial efforts ^ ^ . fc capafale of 

a xylose isotneraSe i 9e " ct 1 " t o xylulose without dependence 
converting xylose e * £orts have been 



converting xylose airec "* ts have been 

on cofactors. However- t - e various bacterial 

20 unsuccessful because airectin g the synthesis 

xylose isomerases are ,i {RoS enfeld et al. /i# ^ 

of an active enzyme in b. ™ ,TT . " 1987 , wilhelm and.#*S&- 
. ioa3! Sarthy et ai., . 




of an active enzyme in S*-^™*^ 1987; wilhelm and 

. al 1983; Sarthy et ai., 
1984; Ho et al., 19"' 1989 )). ^ 

Hollenberg, 1984; Amore et al.. 

r , efforts toward genetically 
« in the Ust few y- - ^ a ^ 8MiisiJfi , to f.-nt 

en,i»eeri M * Mt " genes encoaina xylose 

^oae have been focuse* " ^ 1991! 

<educt.se * ; V^l.****-"" 

Strasser . et al... J» ■ ■' - an a xylulokinase 

30 al.. «>«• H.»>»™ ,l - ... , ,„ C-....J. 

1=89; uena ana H0 - 15,u ' 



glucose-fermenting y asts do- not ccntain any detectable 
xylose reductase or xylitol dehydrogenase activities, but 
all seem to contain xylulokinase activity. Thus, the , v 
glucose-fermenting yeasts can all ferment xylulose, but do r 
5 so with varying efficacy (Deng ^nd Ho, 19-9-0). 

Recently, Koetter et al. (1990), Strasser et al. 
(1990), and Hallborn et al. (1990; 1991), have cloned bot^J 
the xylose reductase and the xylitol dehydrogenase gene in • 
s nerevisiae . However, these genetically engineered | 

10 yeasts still cannot effectively ferment xylose. For 
example, these yeasts have been incapable of fermenting 
more than 2% xylose. In addition, they produce large 
amounts of xylitol from xylose (Hallborn et al., 1990; 
Koetter and Ciriacy, 1993), which diverts the valuable 

15 xylose substrate from the desired fermentive path to 
ethanol . 

The extensive background in this field as outlined 
above demonstrates that despite the concerted and 
longstanding efforts of numerous researchers, yeasts 
20 capable of effectively fermenting both glucose and xylose 
-to -9thaocl"ha*e j^h.liafin^achleveua^^,. According Xx, . thexe v - ; : • 
remain needs for such yeasts and for methods of their ^.^y&W^: 
preparation and use. It is to th^se needs that the ^ ^ 

present invention is addressed. ^ ..'y- '^^&i!' 
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SUMMARY OF THE INVENTION 




- . nve „tion relates to the diswp^ 
A feature of thxs xnve o ly ferment^. . ; 

that new yeast -.in--- - ^ can 
xyl0 se alone -or ■— tta T*i clonin g techniques- ^; 
5 using recombinant UNA and gene ^ fcQ cte ate 

^cularly, these ^ redgp, 

new recombinant yeasts co » ^A^^^^mfi 

genes which are fuse* * if 
10 presence of glucose. 

(arrefl embodiment of the 
Accordingly, one t , t „in containing 

introduced gene. a „ a capable of *«-*»■ 

dehydrogenase and yeast strain xs^ 

■15 xylose to eth.nol^ '.'"fermenting glucose to ethanol. 
preferably also capable of ^ w 

P ,„d more preferred such yeast . 

effectively ferment these t«o 9 genes ar . 

.thanol are '^"^iTiZ*^ » « 
— - ^-oTnoHe^Ue xylose for induction, 
of glucose and also u« ^ _ — : ^g^ 



provides a recombinant yeas a . hyaro ge»..e •»«. 

encoding xylose reductase. xyU « 
„ „lulo,inase. wherein '"^^ ,, hereln said yeast » 
non-glucos^inbibited promo" s a^ ^ 

also capable of fermenting 

glucose to ethanol. 




20 





3C 



" jCJli:,e !!ltion of recombinant^ 
t„ reagents usefui for the production 
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TO „ s t ,, e t -esent ii^tlon ,.|sgf E 
„„« of the invention. T ' uprising genes 

encoding W !ose reauc t.se xy xto ^ ^ . ^^^ 

M We ";' xylose «aucta.e. .»U« ^ 
prising gene. ™<?"»S e . I. these reagents, the. • . , 
4 ehyaro,en.se — f 1 ""^ prolM tor. -hich ." .not , 
genes .re pr.Eer.bay fuse » ' ^ te , ulre xylos.,*- 
inhibitea by glucose and .!£ ^ ^auc^go 

^'^rcCu - s^eonsay ugg^ 
recombinant yeasts cap 

glucose and xylose to ethanol. ^ 

, „ r «, se nt invention 
. orted embodiment of the present 
Another preferred emo recoin binant yeast 

provides a method for obtain* ^ ^ method ^ 

capable of ^^^^DH, l^,nJS^» 
includes the step g ^*^,^^ 

reductase, xyi^o fused to 

Preferably, these genes Wli simultaneous 
non-glucose-inhibited £ ~ rttaBOl . 

fermentation of ^^^J^n be introduced 
Advantageously, all three * w 0 f the 

simultaneQUsly- *9 r A***" 1 * 



15 



20 



invention as discussed above. 



25 



, hM orefe rred embodiments of the.^g^§ 
Still other preterreu glucose to 

pIOV Ue «ethoas M step o £ 

r^rrntriirorgzucose-containing 
fermenting a xylose c containing 
medium with a -combxnant ye s ^ 
introduced genes encoding xyl . ^ -that 

..^.cgen^e^nd . ^1^»^- ' ; .^^^^bibited r 

promotOLS, ana 
xylose, 




so as to. provide the concurrent 



fermentation of 
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BEIEF OESCEIPTXOH 0 F THE rlOU-BS 




*4v 



K A «,»tic diagram of *£ e jp«5S^£ 
Figure 1 is a schematic a « ^tabolismjxnj 
- ^ i-h early stages of xyAos ; ^ 

associated with eariy 

bacteria and yeasts. ,W 
hws t he nucleotide sequence and deduc| 
Figure 2 shows the n 

include its 5- — are under lined.^^^^15 

ft^p^^lnitiation codon and stop ^ ^ V ;;m^gT—^ 

nossible control sequences m y ^ 
^sw*^ possioi 4 ^, rated by arrows. 



„««sible control sequences 
^ possible^ ^ arrows. 

' 10 regions are maiu 



3 s » W s the ,ene» clone* on ana «- 

restriction map of the P 

" Figure 5 shows 

restriction map of the P 

«tf HK.C chromatogram Of a 
~TW*«™^*«Z> by fermenting xylo, 



-introduced XR, - 

^li^BS-:^"days. ■ • .fp';- ' 




days. 

„« hplC -chromatograin of a 
"Figure -6B -shows « ferment ing xylose w^th 

f ermentation broth ^^Z 2 Ti^^ 

^- veast SC (PI.HH13-"' ~ ' .„-' ( i> 2 days; ana 
.eco^nant yea ^ ^ A genes) for (I> 

25 introduced XR a» u 

(in c 



an hplC chroroatogram of a 
Figure 6C shows an HPLC 
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- ntlM »»se I!!* 

-«ineeted K genes) - ft . .;,^ r . : ,, ¥ fffc^.. 

un -engx«e _ ^ oi ^ 9 sample 6 * ; : 

flays. 88 oeS c ionea on 



,„„*«» -• - * „„-™. tpy 

un-ens genes) tu 8 . 

te co«ob^ an an a XK « mp ie 8. 



''Tin *«"* le *" „£ t» io " Ct > 



■* " from *>* J * c0 
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9l ucose <**> ana f W- <»« „ .„a XD > «« <» 

0 days; («) 2 ° x 

«pi.C chromatogram of cne 
Figure 14 shows an HPLC c a ^ture of 

Ration broth un en,ineere d Bi*U 

15 atieiiis for iu 
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• DETAILED DESCRIPTION 



IDO ses of - ^^£M 

"! "-Uon. -fereec- . « -tffi ^ 

ptinclples of W £ an4 specific , 

, f .in embodiment" , t Ml n nevertheless o 

°" L,cribe the seme. " «" oE t „e 

^ficTtit-s end •« ll0 * tlOnS „ 0 M -™ cc.te.pxeted^^ 

ttt0 aific atlon herein toeing to wtiich^* 

aC illustratea *» _ ■. act to 

invention as il* one ~ skilled m tne . . _ 



would norma**-! 

- ^ " ides -sts 

„BA molecules .»d ^ occur in a " „, 

S „ch g.»es «• «" £ £act , „ discussed » »■ 
15 ..icoora.nisms and_ » « ^ Me „ id.»^» 4 

„„*ero»s ». » ^ f ul ', t SOUIC e of these 

, The particuxa invention, 

isolated. Th » aspects of tUlS having xylose 

CEit ical to the ^ (enzymes) to 

aI w DUAS encoding P ab£lity to convert ^ 
20 reductase activity («-^ ; .^^afij 

with -WDM o£l "~ ability to convert ryl^^^^ 
"enydrogenase abactor), or '^^AW^ 

: , activity (the au iU be suitable. ^ . 

be obtained as n aad ition, su gene , 

^ified, for exa^P e T ^ naturally-curing 

-TTar^ed Protein stiU- ^^^Jjjj 
. S °;:r ty sLilarly/ the genes o. ^ s0 ion fef 

30 activity. by Known * * L , ^ 

synthetically P _ , y . - ^ffj m 

■ An XD or XK activity 
desired XR, 
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As examples, suitable sources of XR and XD genes ^. 
include xylose-utilising yeasts such as Canrlirta shehataeV , 
pjnhia stipitis - Pf!f;liY Rnlen t,"»nnphilus • suitable sources! 
of XK genes include the *bove-*oted jrylose-utilizing 1 
yeasts, as well a xylose non-utilizing yeasts such as 
those from the genus fiyrrharomvces, e.g. S. cerev i siae , 
the genus ScMzasicC&ai^^ 

ponibe . and bacteria such as Kschfliichia CPli, Bacillus 
species, R«-r ftP t e mvces species, etc. Genes of interes^can 
be recovered from these sources utilising conventional^ 
methodologies. For example, hybridization, - 
complementation or PCR techniques can be employed for this 
purpose. 



*«-:• •••• 




The particular XR gene used in the applicants' 
15 studies herein was cloned from E^-SiiP-jUia by Polymerase 
Chain Reaction (PCR) (Chen and Ho, 1993). The 
oligonucleotides required for the amplification of XR from 
the chromosomal DHA by PCR were synthesized according to 
the published sequence of the p. sfrinitis XR gene (Takama 
20 et al., 1991). The amplified XR was first cloned and 

stored into plasmid pUC19. The cloned XR was then fused ^. 
to different pronotors including the promotors of y e »||^^|^ 
TRP5 gene (Zalkin and Yanofsky, 19F2) and yeast alcoho 
dehydrogenase I gene (ADC1) (Airanerer 
25 Hall, 1982). 



1983; Bennetz«m7ai^^ 



30 




The "XD gene used ±n i:he applicants ■• studies was also 
cloned from p. stioifcis by PCR. The oligonucleotides 
required for the amplification of XD from the Pichia 
chromosomal DHA were synthesized according to the 
published sequence of the Pichifr "~ rTOpe (Koetter et si.'; 
1990;. The amplified AD was also £xrst cloned and stored 
in pUC19. The gene was then subsequ ntly fused to 
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(iW r*e \.„,, t0 <,eaase 1 

„-,. cloned tBI ,,,,), E» 
5 \,o» a^csis^ 41 ^, „ s7 ) and 6 "f~„ .^reesed-i" , 

pIoro >to» C,P „ iU be used. ln , yeaaw. » ; > 

.jinSJ)"*- -W be alow «« 1 MI .ie'W«gfci"««» 

aTe civen the teacnx ptisan, as ^j^^- 

inventxo ordi narxlY 3 9 Q ^ ^ 
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30 
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performed using conventional genetic engineering ^ 
techniques well known to the art and literature. 

More particularly describing the applicant's 
illustrative work herein, the yeast xylulokinase gene T XK, 
5 has been fused to promotors from yeast alcohol 

dehydrogenase gene (ADC1), yeast pyruvate kinase gene 
(PYK) , yeast TRP5-gene, etc. XK fused to the TRP-5 
promoter was used to construct pLNH21 (Figure 5) and XK 
fused to the PYK promotor was used to construct pLNH33 
10 (Figure 7). ■■;/;£ ^. 

The fusion of XR, XD, and XK to intact promotors from 
ADC1, PYK, GPD, etc., was carried out by cloning both the 
fragment containing the specific promoter and the 
structural gene of XR, XD, or XK on one of the Bluescript 
15 KS plasmids (Stratagene, La Jolla, CA) , followed by the 
removal of the extra unwanted nucleotides by site-specific 
mutagenesis (Kunkel et al., 1987). The invention thus 
also provides several pBluescript II KS(-) (hereinafter 
pKS(-)) derivatives containing the cloned XD (fused to the 
20 pyruvate dehydrogenase promoter), XR (fused to the ADC1 
~ ^aro©teE>, « *ad .XK 4£ttaefl,.to, Jthe pyruvate kinase 

promoter). These recombinant plasmids are designated as 
pKS(-) KD-AR (or A*R) -KK. Four such plasmids were ^ 
> constructed as outlined in Figure 9. These plasmids have 
25 similar but not identical structures. The XR, XD, and XK 
(or KD-AR (or A*R) -KK) cloned on these plasmids can be 
separated from the parent pKS(-) plasmid by a single Xhol 
restriction digestion. 



**0 





- The XR, XBy-end- XK geoee £u&e&-to the prs^per • 
promot* s were then cloned on pLSF ? (Figure 3> or pUCKmlO 
vr±gure 4). yiioKxo, a ueixvativb of ^uevis and 

Ho, 1985)/ is a low copy number plasmid with a copy number ^ m 
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of approximately 10 in yeast (S^irerevisiae) « It contains ; 
the yeast 2ji replicon which enables the plasmid to be 
replicated autonomously in s. cerevisiae and closely r ^ 
related species. pLSKIS also contains the geneticin • 
5 (kanamycih) resistance gene (*m R } end empicillin 

resistance gene (Ap R and also amp r ) which serve as J ^ 
selection markers in s. cerevisiae and other yeasts. 
pLSKIS also contains the XK gene fused to the yeast TRP-5 
promoter ; -Thus ; « -and *D -genes -teeed -to proper 5 - - i j 

10 noncoding sequences containing suitable promo tors 

inserted into pLSKIS to demonstrate the effect of -th^^^^pgi^g 
resulting plasmids on yeast xylose fermentation. • ^"f^^^y^^^ 
compare the effect of the presence of different genes on 
yeast xylose fermentation, a plasmid containing only XR 

15 and XD was also used to transform S. cerevisiae and the 
resulting yeast used in comparative fermentations. 
Results of the fermentation of xylose by un-engineered fL. 
cerevisiae , yeast containing the cloned XR, XD, and XK 
(SC(pLNH21) ) , and yeast containing the cloned XR and XD 

20 but not XK (SC(pLNH13-32) ) genes are shown in Figure 6A, 
6B, and 6C. 



pUCKmlO (Figure 4) is a high copy-number plasmid ^ 
( i~.e. plasmid with a copy' number 6t about or niofce)Vfc^j^ 
a copy number close to 100 in s. cerevisiae. - : iiOOftolO 
25 pUC9 derivative containing the identical 2\i replicon^fandr 
the Km , and Ap genes present in pLSKIS. These 



30 



specific DMA fragments serve as the replicon and selection . 
markers that enable the plasmid to be replicated - 
autonomously in cerevisiae (and in related yeasts) and ; 
also enable the yeast transf ormants containing the plasmid |^ 
to be distinguished from the untransf ormed host cells. 



The applicants have constructed pJCKmlO uasei 



recombinant plasmids that contain the same XR, XD , _ahd^XK^ 
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iences contain^ suitable C 
""Tent s«.i«- Th« fit""" 8 b e used to tr.ns.ort 

5 ^i^^^^""" 1 " 8 ' 

industrial a-cs**** . eS of either 

'» "ll . Aortic ye. stU. . soUted as 

Gu.tente p ,, SK i5 or P«C*» 10 - laOT ids 

further descrio select ioti marker istant to a 

15 h ° St k oher oo»»ntr.tioo ot genet"- P to 

' „o«e«r. — ye " t ? el of -.enetiein of the 
M " U "'- ?t.»t to the s.n» level of « eyery 
Mc o*e '«' » lUlllM the ,1— «• ™ otna „t. It - 
tt .«for».nt» con t< a tt »e «... ^^^^^ 

been reportea ^ t , D t.la-« l& "7 , * 
^ • Hon marker tor y veaS ts tliat^con ,,.^,,*.,^ jS , 



- B Thus. ^ , ^iated ^ 
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confining *»ch ye» ler a „o Axgle. . lj > tia ,., 

peni cinin.se - o (C aea t „ x£t£ ^ 

m lattel ^V-*^**** 3 *^ 

^V™™ ° tm t colonies. 

^ eti ' ir "' ana glucose) fernentation^ 
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carried out using the inventive recombinant y asts under 
anaerobic conditions as described in Examples 6 through 
9. The consumption of sugars (xylose and glucose) and the 
formation of ethanol and other products such as xylitol 
were followed during fermentation by taking samples and- 
analyzing them by HPLC as further described in Example 6. 




10 
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For example, pLNH2i (Figure 5) was used to transform 
S. cerevisiae . The resulting transformant containing 
PLNH21 is designated SC(pLNH21, and can ferment 5% xylos^r^g 
nearly totally to ethanol in two to four days as 
demonstrated in Figure 6A. 




As an additional example, pI.NH33 (Figure 7) was used 
to transform yeast strain 1400 which is closely related to 
S. cerevisiae and has high tolerance to alcohol and 
temperature (D'Amore et al., 1989; D'Amore, 1990). The 
resultant genetically engineered yeast, designated 
1400(pLNH33) , can ferment 10% glucose and 5% xylose 
totally to ethanol in two to four days, without requiring 
high cell densities, as shown in Figures 8A and 8B. 
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pLNH33 is a more effective plasmid than pLNH21 for 
xylose fermentation because it is a higher copy-number ^ 
plasmid. Furthermore, the XK in pLNH33 is fused to a more 



efficient promoter than the XK in pLNH211 S- cerevigiae 
has also been transformed with pLNH33, designated : v 
SC(pLNH33). Although SC(pLNH33) is much more effective in 
fermenting xylose or mixtures of xylose and glucose than 
SC(pLNH21), 1400(pLNH33) was found to be more effective in 
fermenting mixtures of glucose and xylose than _ , ... y^y^W 
SC(pLNH33). Thus, individual strains also affect, the 

Simila 




efficiency of fermentation. 
unen^..bcLtu strain 140U 

(alone or in a mixture of glucose and xylose) as shown i 




Lo S. cerevisiae, the _ 
uneriy ^..coLtsw jtram i'lOU canho. use ol ^eriuc^t xylose 
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Figure 8B. £e rmentive tests ^ 

tally , the results of ^ ^ 

0611 that it 13 necessary that toaye be en - 
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demons tr at s that S. cerevisiae anc* related species 
containing only the cloned XR and XD genes, fused to 
proper promo tors, can only ferment glucose but not xylose , 
to ethanol when both these sugars are present in the vv^- 




25 



30 



culture medium. Similarly, -Figure 14. demonstrates .that* 
unengineered P. gtipifcis containing its original XR, XD>^ 
and XK can ferment xylose when the latter sugar is the 
sole carbon source of the medium (results not shown) but^_< 
it cannot: ferment xylose when both glucose' and xylose *are^ : 
the carbon sources present in the same medium. 

It will be understood that for those yeasts that 
contain low levels of xylulokinase activity, introducing 
the XK gene serves two purposes. One is to improve the 
level of the enzyme activity. High levels of XK activity 
are important for more advantageous yeast fermentation of y 
xylose to ethanol as opposed to xylitol. The other is to 
place the gene under the control of an efficient promoter 
that will not be inhibited by the presence of glucose* It ^ 
is well known that natural wild-type microorganisms 
including yeasts cannot use other sugars for growth and 
fermentation if glucose is present in the cultural 
medium. Glucose will inhibit the synthesis of the enzymes 
required for metabolizing other sugar molecules (the so^^_ 
called "glucose" effect) . Thus promotors from genes £ox?$§^^'- 
the synthesis of sugar molecule metabolizing enzymes 
excluding glucose will not be preferred since these wiflSp 
not provide simultaneous fermentation of the two abundant 
sugars. In addition, it was found in the applicants* work 
that cell growth is also a prereguisit for induction. 
Thus, promotors requiring xylose for induction are not 
preferred for the expression of XR, XD or XK. 
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that will not be inhibited by the presence of glucose in^^^v^ 

the culture medium and also will not require the presence 

of xylose for induction. , ...... ~ .. ..... 

The promoter f ragment of yeast pyruvate kinase fronT* 
-910 to +23 (Burke et al., 1983) was synthesized by PGR as 
described in Example 1 for the synthesis of the XD gene. 
Both the P pK fragment and the promotorless XD were j,^ — ...... 

subcloned on pKS(-) plasmid and the undesired nucleotides' 



between the P ntr and the intact XD structural gene were ^ 
10 removed by site-specific mutagenesis according to the"|^^^^$^;^^.-' 
procedure of Kunkel (Kunkel, 1987). The resulting fused ^^m:^^ 
gene contains -910 to -1 promoter fragments from the 
pyruvate kinase gene and +1 to 41963 nucleotides from the 
Pichia XD gene. The resulting pKS(-) plasmid containing 
15 P pK -XD (or KD) is designated pKS(-)-KD or pKD2. 

EXAMPLE 3 
Analysis of the nucleotide sequence 
of yeast xylulokinase gene 

The cloning of a 7.0 kb yeast ( S, cerevisiae ) DNA 
20 fragment that contains the yeast xylulokinase gene has 
> -tae&rt previously reported < Ko- aftd-Gbaag , 19-9£) By > * V" V- ~ 
<subcloxuiig, the XK gene has been located on a 2,4 kb 
fragment. The nucleotide sequence of the 2.4 kb fragment 
has been analyzed. The 51 non-codi ng r eg i on^ cont a i ns r * 
25 nucleotides, the translated region contains 2118 

nucleotides, and the xylulokinase encoded by XK has 591 
amino acids as shown in Figure 2. The strategy used for 
sequencing the XK gene is shown in Figure 11. 




" -SXftMPKE "4 ........ 

30 Construction of intact r^l propter 



Plasmid pMA56 (Ammerer, 1983) contains the yeast i 
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alcohol dehydrogenase I promoter (P ADC1 ) • Tne 
applicants have used this promoter to modify some of the 
genes in their work. For example, 
to XR, and the -resulting gene has been designated 




P ADC1 nas been fused 



Nevertheless, this is n°t 



intact and does not contain the -1 to -14 nucleotides of 
the intact ADC1. promoter (Bennetzen and Hall, 1982) . The 
-1 to -14 region of a gene is usually very significant for. 
controlling protein synthesis. Any gene fused to such a 
promoter has to rely on its original genetic signal f or ^* v 
controlling the synthesis of its protein product. 



In order to better control the expression of the gene 
fused to the ADC1 promoter , the applicants employed 
site-specific mutagenesis to add the missing nucleotides 
15 (-1 to -14) to the ADC1 promoter cloned on pMA56. The new 
intact ADC1 promoter is designated P^c]/ This 
promoter has been used to modify XR and the resulting gene 
is designated as p AD ci wXR or A R * 




EXAMPLE 5 

2G .--€c»etcwtio»^£-plara^ 

(also designated as pLSK15-KD-AR) 
and transformation oE Sju-gftreYlBiae * 

and 1400 with pLRH21 ^ 

- '■ " ""-v-'i- '■. V - v 

The construction of pLNH21 is outlined in Figure 12. -pr' 
25 pLNH21 was used to transform s. cerevisiae and strain 1400 
by electroporation under ttie fallowing conditions. Fifty 
ml yeast cells, grown to early log phase (Klett Unit (KU) 
130), were centrifuged to remove the medium, washed twice 
with cold water, once with cold T M sorbitol, and V; 
?^ resurpen ^ in 200 \i\ I M sorbitol. Sixty jil of the 

ceils were transferred inco a 4 nu jjr^.see . i lizeu plastic 
tube (with cap) and to which 0.1 |ig to 1 fig plasmid DNA^ ? 
was added. Fifty |il of the r suiting eel Is. and 
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' . a orecoolea g n P« lset .„,..,.. 

•„ mixture were pipetted xnto a P nfc in the - ; 

-lasmxd mxxtur elect rode gap and . • , a ^ 

cuvette with a 0.2 cm the gene P« lset ^ • f & 

o« subjected to pu^e w Q ohI0S . ■■..•v.-^ 

cuvette was ^ 2 Q ^ 25 uF, 

pulse controller (Bxo 

50 ml *EPD d% 1— * -"^U The 
immediately, •« » t0 t „e cuvette- 

peptone, and 2% ^ COS ^l^etced. 

.^o»k««^*'"*°* . . llhe a nd incubated at ron taihinglfe«M;v 
sterilised plastxc tube a ^ P l.f» e^^^^fej 

„ ,.i of the cells were pi ■ growxng.,^^^^^^^;. 

"™ aa 5 c ! exect.opor.tion ^ for 

To sexection o« «» t - ^ ^ ^t were 
e „ective .no -V- » 

"'"""u:: eor tl P enicUU..=e test. 

^^^^" M T.".»« proceoutejo^gg^ 

T out usxng a 5n» „ r ^-t(9^4*^-^^^?fP^ 

«" " lTc.pt tu.t the cells -ere 

^an^-ation of .«.-■ *£J aj tt . ns£or „ t ion .« ^ 
procedure* «« not as ef 
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These three yeasts were cultured in rich medium YEPD 
aerobically under identical conditions (SC(pLNH13-32) was 
constructed by transforming s. cerevisiae with a plasmid, 
designated pLNH13-32, which contains only the XR "and XD 
5 gene/promotor combinations). These yeast cells were then 
used to ferment 5% xylose in YEP (1% yeast extract, 2% 

- — -peptone) - medium e»*e*ebiea 1 ly • ^ 1 so -ttftde r i-den-tiesl - ^ - - 
conditions* The consumption of xylose and the formation^ 
of ethanol and xylitol were followed during fermentation ^ ~ 

10 by taking samples at proper intervals and analyzing them ^< 
by HPLC under the following conditions. J ^vtT 

The samples containing the fermentation broth (0.6 ml 
to 1.0 ml) removed from the cultures were kept in 1.5 ml 
Eppendorf tubes. The cells and other residues were first 

15 removed by centrif ugation. The supernatant was further 
filtered by using sterile aerodisc (Gelman Sciences), 0.2 
or 0.45 mm, syringe filters. The resulting filtrate from 
each sample was analyzed for its ethanol, glucose, xylose, 
and xylitol contents by high performance liquid 

20 chromatography (HPLC), using a Hitachi system according to 
the following conditions . 

•. ■■> » . , " : ■■ ' ; ■ ^f^^l/ 
- ■ -■' -'' ■ ■ , ^-^\HrV 

•Column: Aminex HPX-87C, 300 X 7.8 mm 
°Mobile phase: water ^.JV v- ~ C'--^vX 

°Flow rate: 0.8 ml/min. 
25 "Detection: Hitachi L-3350 RI detector 

•Temperature: 80°C 
•Injection volume: 20 \il 

The results, shown in Figures 6A, 6B, and 6C (ethanol 

30 smaller than they should be due to the sensitivity of the 
instrument), demonstrate that only the engineered yeast 
SC(pLNH21) w ..taining the cloned XR, XD, and XK can 

■' :■ ; ■: . ■ ■ -■}'■■ v-> ■■■■■ '■ ■ • 

- • - ..... ■ . • • w -..v v*;*-V 
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, %) to ethanol, not., 
.-rations of «r l08t * v . alao not the 

engmeere c(pIiN Hl3-32) t« 

and XR, not XK. 



5 xylitol' 



Effects ferme ntatx^ glucos^ 
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of glucose and « l0B */ " Bl;t .in 1400 and - 
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140 0(P.«H33) und- containing ^proP ^ m 
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of YEPD; ediu ro (1% * Erienmeyet ^ a^P he gtowth of 
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the yeast culture 8 T ^ 30 „ c and 200 

were incubated xn a ^ 

h cell density reached mxd-lo* * (40%) 
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rol -h* zero sample- The ca rHed out - ? 

8erVe "'to ^aliow fermentation " % rmenta tion broth 
25 Saran wrap to ^ 0 the (every 

anaerobicaliy- rerooved at proper ^ 

S T Ter e as samples for ^^1- ~ 
24 hr.) ^ serve , . he bro th during £crro . of tUe 

ethanol. 9l»<= w HeLC as <** e ,, w „ s tiate that 
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. -„h ceU density. °" t,,e 
to four days «<«».* IMU1Ci °' ; 0 9 0 can only concert 
tnlr n.nd. the parent stram MOO £eIBentat ion 
; * ^to ethanox fj^. „itnout reguUin, ? ; 
'carried out under nor*.! co.d> „. tMut sequl „n, .. 

5 .peciax i f;» d...itr. "r.^a... -; 

,««fch of yeast to hxgn TMH33 > containing U»e 

growth 01 j rf ^ompWH 133 ' . clon ed on a 

£* 9W -nu^^^ 

- 10 concentrations^ ^ , eiy XittXe 
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produced as • by-product. 

B3tM ^ ,,E ^t irlose/gluco" 
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„€ Example 8 was repeated 
The --ntation^-e^-^ 

except using ■^^"jLti- — ^ * 

the XR and XD 9enes as th rafce that sUC h a 

results, shown in ***** ' g only th e XR and XD 

20 genetic unengineered yeast ^ botn of 

genes can '^.f^^* 
these sugars are v ^ x 

EXA K i? xylose/glucose i^g^ 

f Example 8 was repeated 
The Ration -^^^ as tn, 
««ept using unengineered f'^^J^entation broth 
"Itive organs-. ^ Ration for «» » day; 

-ose/butny^se^^oftnesesugarsa 
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GGGCCCl'CTC GAfaAWW* . .■■>- ;-l^ _ ( ,_^;^ 



0 



WO 95/13362 



PCT/US94/12861 



-35- 




TGT TCA GTA 

Cys Ser Val 
5 

ATG TCT TTA 
5" Met Ser Leu 



CAA CAA CTG 
Glu Gin Leu 



10 GTC CAT TCA 
Val His Ser 
45 

TAT CAC ACA 
Tyr His Thr 
15 60 

GAA TGT CCC 
Glu Cys Pro 
75 

CTC TCG AAA 
20 Leu Ser Lys 



ATG GCC GTC 
Met Ala Val 



25 TGG TCC TCC 

Tcp -Sex £ai 

115 



ATT CAC* AGA CAG 
He Gin Arg Gin 



GAC TCA TAC TAT 
Asp Ser Tyr Tyr 
20 

AAA TGT CTC GCC 
Lys Cys Leu Ala 
35 

GAA ACA GTG GAA 
Glu Thr Val Glu 
50 

AAG AAG GGT GTC 
Lys Lys Gly Val 
65 

GTA GCC ATG TGG 
Val Ala Met Trp 



ACA AGA 
Thr Arg 
10 

CTT GGG 
Leu Gly 
25 

ATT AAC 
He Asn 



TTT GAA 
Phe Glu 



TAT ATA 
Tyr He 



GAG 
Glu 



TTT 
Phe 



CAG 
Gin 
40 

AAG 
Lys 



CAC 
His 



AAA CCG GAA 
Lys Pro Glu 
30 130 , 

TTT GCA AGG 
Phe Ala Arg 
145 

GCA AAG CAA 
35 Ala Lys Gin 



r-** AAA ATG 



TAT CGC GAG GCT 
Tyr Arg Glu Ala 
90 

TCA GGG TCC TGC 
Ser Gly Ser Cys 
105 

CAA GCC GAA TCT 
.Gin. Ala Glu. Ser. 
120 

AAA GAT TTA TTG 
Lys Asp Leu Leu 
135 

CAA ACC GCC CCC 
Gin Thr Ala Pro 



TTA GGG 
Leu Gly 
80 

AAA TTT 

Lys Phe 
95 

CAG CAG 
Gin Gin 



GCT 
Ala 



CCA 
Pro 



CTG TTA 
Leu Leu 



CAC 
His 
110 

GAG 
Glu 



GTT TCC AAC ACA 

. r al Ser Asn Thr 
15 

GAT CTT TCG ACC 
Asp Leu Ser Thr 
30 

GAC CTA AAA ATT 
Asp Leu Lys He 

TflST "CTT "CCC" CRT 
Asp Leu Pro His 
55 

GGC GAC ACT ATC 
Gly Asp Thr lie 

70 

CTA GAT CTG GTT 
Leu Asp Leu Val 
85 

TTG AAC AAA GTT 
Leu Asn Lys Val 
100 

GGG TCT GTC TAC 
Gly Ser Val Tyr 



TGT CAA GAG TTT 
Cys Gin Glu Phe 
160 

GCT CAA TTA ACA 
_r. __:u * 
175 



CAC TAC 
His Tyr 



AAT TGG 
Asn Trp 
150 

GAA GAG 
Glu Glu 

165 

GGG TCC 

r ~ • 



GTG 

val 



CAA 
Gin 



TGC 
Cys 



AG/ 

A 

180 



CAA TTG AAT AAG 
Gin Leu Asn Lys 

"125" 

AGC TCT GTA GCA '. 
Ser Ser Val Ala 

• 140 vv^-^W- 

GAC CAC AGT ACT 
Asp His Ser Thr 
155 

ATA GGT GGG CCT 
lie Gly Gly Pro 
170 

~CC CAT TTT AGA 

"'»•-- Aim 
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519 
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645 



687 



729 



771 ... 



813 



855 
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25 - ffi ^ A GAT GAC TCA 

*rr CTT TTT °* S5S SS ASP *" S " 
«C GAT * g S S — A " IS 

Asn ASP Trp 4.05 ~i-r rcT CTG GGG 

TTA GGT GTA TAT TTT CCT Qly 

«» n s » - 5 s 61y val 55 

Ol« SerSecG 42Q . . _ . . anG GTT ATC 

4 JL-> 



1485 



1527 



1569 



Gl« Ser Sec ^ - 420 G TT ATC% 

rCT AGC GTA AAA GCC A^ AAC AAA AGG .0^ f , 

Glu lleval 435 „ ^ 6 CC AM 



1611 



15 



Glu He vax r* 435 _ aW? 5 ^ 1653 

430 Mtk .ra, GAG GTG 6 CC ^^^^ - * 

445 mfk A TT GTA GAA 

GAC AAG AGG CAC GAT GCC AAA AAT ATT ^ ^ 
fSS asS £s Arg His ASP Ala w 5 
Phe Lys asp Y &o ^ ^ ^ ^ 



Phe Lys asp wj- T CG 
« AGT TGC AGG GTA AGA ATA TCT jCC CTG ^ ^ 
CAG GCT TTA AGT TG ftrg yal A rg H« 
20 Gin Ala Leu Ser ^ 

,rc TCA CAA CAG AGA CTG AAC GAA ^ ^ 
GAT TCA AAC GCA AGC TCA ^ fllB Arg Leu Asn 
Asp Ser Asn Aia » 

" ? « gat tac gat gaa «* « « S E £ 

.500 fiGT GGG 
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1779 



1821 
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lle val Lys — - 505 ^ ^ ^ 1863 , 
cxA GGT GGG 

-BSSSsasssssvsF 

Set W» * s30 ^ MC TCA 



». LT. — 55 wc tCA 

r PGT AAT TTT AGG CTA GAA ACA C Mn sef 
GGT OCT ACA AAG GGT AA^ ^ Mu .« 

35 GWA1. ThI y M5 r .„. TM -TCATrG-TTA 

^^^^T^-r« - - 

. Al? y ^ 
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-1965 
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2073 
2115 



r.TT CCT TtT GAT 

l-yr ASP Ser ash j 575 

5 i£ - S? - - Trp s '° 

, l GAA AAT «. £ S ft ft - « - ft 
«° °* T i£ 010 M» M * «05 _ .... 

CT ^«^.«-«™ C 2168 
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What is claimed is: 



1. A recombinant yeast containing introduced genes 
encoding xylose reductase, xylitol dehydrogenase and 
xylulokinase and effective for fermenting xylose to 
5 ethanol. 

2 v - The -*ec«abi»aifcfc *yeas* .xx£ .cLaim^l ,wiiex.ein. the. 

yeast is also effective for fermenting glucose to ethanol. 

3. The recombinant yeast of claim 2 wherein the j 
yeast is of the genus Saccharomyces. 

0 4. The recombinant yeast of claim 3 wherein said 

genes are fused to non-glucose-inhibited promotors and the 
yeast is effective for simultaneously fermenting glucose 
and xylose to ethanol* 



5. A recombinant DNA molecule comprising genes 
15 encoding xylose reductase, xylitol dehydrogenase and 
xylulokinase. 



6. the recombinant UNA molecule of claim "5 wherein 
said genes are fused to non-glucose-ihhibited promotors. ^ 

.■■-■■.■■■;.-.- .v J ••<.:••. ; * ' -r -r-Ss 

7. A vector effective for transforming yeast and - 
20 comprising genes encoding xylose reductase, xylitol 

dehydrogenase and xylulokinase. 

8. The vector of claim 7 wherein said genes are 
fused to non-glucose-inhibited promotors. 

? p method tor ob**3inir»a p - -c^Mnant yeast 
25 effective for fermenting xylose to ethanol, comprising 
introducing DNA into a yeast so as to cause the yeast t 



B ° a . , s ie. « iuo1 

the i**" «codi^ ** 
10 * , e s **** , 0 Ki»» se ' -*gt ■» °* 



10 



said 9 „hete** 

.wod Ot 



.4*-: ■ " 



1 £US t ive tot .** lt 0 x, 

» to _ > 
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18. The method of claim 17 wherein said yeast is of 
the genus Saccharomyces. 

19. A recombinant yeast containing ^enes encoding 
xylose reductase, xylitol dehydrogenase and xylulokinase, 
wherein said genes are fused to non-glucose-inhibited 

promo tors and wherein said yeast is effective for ?r 

fermenting xylose to ethanol. 

20. The recombinant yeast of claim 19 wherein said 
yeast is also effective for fermenting glucose to ethanol. 




D-Xylulose-5-Fhosphate 




- -Pentose Phosphate 
Pathway 

The xylose metabolic pathways in microorganisms. 



— Xylose non-utilizing yeasts (Saccharomyces 
cerevisiae, Schizosaccharomyces pombe, etc.) 

Xylose utilizing yeasts (Candida shehatae, 

Pichia stipitis, Pachysolen tannophilus, etc.) 

R^ctem (£. c<*!i, Bacillus sp r d*. c ^n^omyces 

specie^ etc.) 

> ■ ■ . ■ ■ ^ , Figure 1 . - *{>v? : :?.;\ ^ 

■ SUBSTITUTE SHEET (RULE 26> : ^-'- ^ 



61 
121 
181 
241 
301 



_ • ■ • 'pcr/oa»4iiMii ^^^^ j. 

^0 95/13362 2/18 &&GTTT1 ^^CACG(»Giyn^ 

^^^^ 




WO 95/13362 PC17US94/128M ^ v 

3/18 




*71 

1 56 1 C^TC^G^,^ 

l62l aLJ^ta^gaaa^^ 

„.i aata^gtagaVt^aca^a^ 

1741 tSaaL^tIacaac^t^ 

Ja^c^ggIcga^^ 
imi .^tt^taLJ^mtgtga^^ 

192l AA^AGSC^AACAC*^^ 

198 1 ^T^TATGACTCTAATAA^TTGCAGTTCC^ 

2041 T^TG^AAJ^AGCAT^^ 

2101 ATTCaU\GATTGTOCCCTIMGCGAACTGGA»AAGACTCTW 

2161 jJ^TTTATCATGC^TGACAiUjTACACACAAACACAGACACATAATATACATACATATASA 

2221 TATATCACCGTTATTATGCGTGCACAtGACAATGCCCTTGTATCTTTOGIATACTGTAGC 

1281 AAGTAGTCATCATTTTCTTCCCCGTTCGGAAAATGAGAAAAAGTAAAATCAATAAATGAA 

2341 SAGTAAAAAACAATTTATGAAAGGGTGAGCGACCAGCAACGAGAGAGACAAATCAAATTA 

2401 GCGCTTTCCAGTGAGIATATAAGW3AGCATTGAAAGAGCTAGGITATTGTTAAATCAICT 

2461 CGAGCTC , . 



Figure 2 (2/2) 
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Figure 4. 
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Figure 6A 




Figure 6B 
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Figure SB 
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pKS(-)-KK-A»R-KD-2 



Figure 9. Construction rpKS(-j-KK-AR-KD plasmkls 

; ':^'*The' Xhol site was regenerated after ligation. ! ^ 
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Direct amplification of the intact xylitol defij^^^ias^j^ ^^ g 
and the proir oterless XD from Pichia sti mt^^^m^&W^K 
by polymerase chain reaction (PCR) technique 

1 . Molecular markers BamHI-EcoRI digested X DNA|ispp^^ * 

2. Pichia xylitol dehydrogenase gene (intact)." I; » tS^^ 

3. Pichia xylitol dehydrogenase gene (pro m oterless)r 



4. Molecular markers, Hae TU digested $ ^^A^ a^^l^^^ , 
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By subcloning 

By synthetic primer (19-mer) 
By exo-DI generated deletion 



Figure 11. 
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Xylose 



ie. 7i Glucose 




it .33 Xylose 



U.98 Ethanol 



?4 .43 



8 .42 



ie .62 



13 .46 



S .P| 889 

22 .92 
24 .44 




ii .86 Xylose 



1 7. ea Ethanol 
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Figure 13 
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